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Abstract

The nucleocapsid (N) protein is an essential structural component necessary

for genomic packaging and replication in various human coronaviruses

(HCoVs), such as SARS-CoV-2 and MERS-CoV. Recent studies have revealed

that the SARS-CoV-2 N protein exhibits a high capacity for liquid–liquid phase

separation (LLPS), which plays multiple roles in viral infection and replication.

In this study, we systematically investigate the LLPS capabilities of seven

homologous N proteins from different HCoVs using a high-throughput protein

phase separation assay. We found that LLPS is a shared intrinsic property

among these N proteins. However, the phase separation profiles of the various

N protein homologs differ, and they undergo phase separation under distinct

in vitro conditions. Moreover, we demonstrate that N protein homologs can co-

phase separate with FUS, a SG-containing protein, and accelerate its liquid-

to-solid phase transition and amyloid aggregation, which is closely related to

amyotrophic lateral sclerosis. Further study shows that N protein homologs

can directly bind to the low complexity domain of FUS. Together, our work

demonstrates that N proteins of different HCoVs possess phase separation

capabilities, which may contribute to promoting pathological aggregation of
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host proteins and disrupting SG homeostasis during the infection and replica-

tion of various HCoVs.
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1 | INTRODUCTION

The COVID-19 pandemic, a global health crisis, is caused
by the highly contagious severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), which belongs to the
subfamily Coronavirinae and is one of the seven patho-
genic Human Coronaviruses (HCoVs) identified so far
(Wu et al., 2020; Yang and Rao, 2021; Coronaviridae
Study Group of the International Committee on Taxon-
omy of Viruses, 2020; Chen et al., 2020). The other six
HCoVs include SARS-CoV, Middle East respiratory
syndrome coronavirus (MERS-CoV), HCoV-HKU1,
HCoV-OC43, HCoV-229E, and HCoV-NL63. SARS-CoV,
SARS-CoV-2, and MERS-CoV have caused public health
emergencies in the last two decades (Drosten et al., 2003;
Zaki et al., 2012; Fung and Liu, 2019), while HCoV-
HKU1/OC43/229E/NL63 cause mild respiratory tract ill-
nesses (Fung and Liu, 2019). All HCoVs are enveloped,
positive-sense, single-stranded �30 kb RNA viruses.
These genomes encode sixteen nonstructural proteins
(nsp1–nsp16) required for viral replication and pathogen-
esis (Zhou et al., 2020; V'Kovski et al., 2021; Snijder
et al., 2006), four structural proteins including spike (S),
envelope (E), membrane (M), and nucleocapsid (N), and
seven to eight auxiliary proteins (V'Kovski et al., 2021;
Chang et al., 2014). The N protein is an essential struc-
tural protein that acts as a crucial player in viral genomic
packaging and replication (Snijder et al., 2006; Chen
et al., 2007). It is a multidomain RNA-binding protein
(RBP) with a molecular weight ranging from 42 to
48 kDa in different HCoVs (Chang et al., 2014; Chan
et al., 2020). N protein homologs derived from different
HCoVs share similar functional modular organization,
making them conserved throughout HCoV's evolution
(Zhou et al., 2020; Chang et al., 2014).

Recent studies have shown that the N protein of
SARS-CoV-2 exhibits a high ability for liquid–liquid
phase separation (LLPS), which may play multiple roles
in viral infection and replication (Zheng et al., 2021; Lu
et al., 2021; Cubuk et al., 2021; Luo et al., 2021; Savastano
et al., 2020; Iserman et al., 2020; Dolliver et al., 2022; Cas-
carina and Ross, 2020). These roles include (1) condensing
the viral genome, (2) regulating ribonucleoprotein assem-
bly in the viral lifecycle, and (3) disrupting the dynamic
assembly of stress granules (SGs) by interfering with SG-

containing proteins such as TDP-43, FUS, and hnRNPA1
(Luo et al., 2021; Li et al., 2022). Importantly, the N pro-
tein can co-phase separate with FUS and promote its
pathological amyloid aggregation, which is closely associ-
ated with neurodegenerative diseases (NDs) such as
amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) (Li et al., 2022). This implies a possible
link between SARS-CoV-2 infection, brain invasion, and
NDs. Since the N protein LLPS plays an essential role in
the infection caused by SARS-CoV-2, it would be valuable
to investigate whether this property is inherent and com-
monly shared by the N proteins from all seven different
HCoVs.

In this study, we systematically explored the LLPS
capability of all seven homologous N proteins of different
HCoVs by using a high-throughput protein phase separa-
tion (HiPPS) assay. Our results demonstrate that all N
proteins can undergo LLPS in vitro, but each exhibits a
distinct LLPS profile. We further found that the different
N proteins can directly bind to the low complexity
domain of FUS, co-phase separate with it, and promote
its amyloid fibrillation to varying degrees. Our findings
suggest that N proteins of HCoVs share a similar mecha-
nism for promoting pathological protein aggregation, and
their LLPS plays a vital role in this process.

2 | RESULTS

2.1 | Phase separation is an intrinsic
property shared by different N proteins

Recognizing the importance of protein phase separation
in various processes, we systematically examined and
compared the phase separation capability of homologous
N proteins from seven different HCoVs. Each N protein
contains three conserved domains, including a folded
N-terminal domain (NTD) involved in RNA packaging, a
folded C-terminal dimerization domain (CTD), and an
intrinsically disordered central linker region (LKR)
(Chang et al., 2014). Sequence alignment showed that
SARS-CoV-2 N protein shares �90% identity and 93%
similarity with SARS-CoV N protein, and hold �35%–
50% identity and �45%–60% similarity to the remaining
five homologous N proteins (Figures 1a and S1).
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Importantly, the intrinsically disordered regions (IDRs)
of all seven homologous N proteins exhibited high pro-
pensity for LLPS, as predicted by PONDR VSL2 predictor
(Obradovic et al., 2003) (Figures 1b and S1).

We purified the seven recombinant HCoV N proteins,
and investigated their LLPS profiles by using a well-

established HiPPS assay in vitro (Li et al., 2022). Micro-
scopic images of each well were recorded and scored for
calculating the protein phase separation (PPS) score of
each individual protein. Remarkably, all seven HCoV N
proteins underwent phase separation in the 96-well plate
with different LLPS scores (Figure 1c), demonstrating

FIGURE 1 Legend on next page.
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that phase separation is a common property shared by
different N proteins.

Furthermore, we compared the radar graph of differ-
ent N proteins, calculated from seven sub-zones contain-
ing different groups of LLPS conditions (e.g., pH, salt,
positive-charged agent, and crowding agent) from the
96 conditions (Table S1). Notably, different N proteins
exhibited distinct phase separation profiles. SARS-CoV-2-
N, previously identified to phase separate (Lu et al., 2021;
Cubuk et al., 2021), had the strongest LLPS ability with a
PPS score of 8.06 and was able to undergo phase separa-
tion under almost all tested conditions (Figure 1c). SARS-
CoV N had the second-highest PPS score of 6.63
(Figure 1c). In contrast, HCoV-HKU1 N and HCoV-OC43
N had a relatively weak LLPS ability, with a PPS score of
1.38 and 1.29, respectively, and could only undergo phase
separation in less than 15% of the conditions (Figure 1c).
Interestingly, all seven N proteins could be induced to
undergo phase separation in the presence of the crowd-
ing agent PEG3,350 within sub-zone 7 (Figure 1c). SARS-
CoV-2 N and SARS-CoV N possess a relatively broad
phase separation space and are able to phase separate at
a wide pH range (3.5–8.5) and under various salts con-
centrations. The other N proteins, however, respond
markedly differently to various conditions: they undergo
phase separation under PEG3350 but aggregate and pre-
cipitate when exposed to certain salt conditions (zinc,
magnesium) due to strong interactions. This result
revealed that while all seven N proteins are capable of
phase separation, their propensities varied significantly
(Figure 1C), highlighting that not all N proteins are alike
in their phase separation capacities. Moreover, SARS-
CoV-2 N, SARS-CoV N, MERS-CoV N, and HCoV-NL63
N could undergo phase separation with the addition of
homopolymeric RNA (PolyU, PolyR) in subzone 3 and
4 (Figure 1c). Previous studies showed that single-
stranded RNA can promote LLPS of SARS-CoV-2 N,
which may be involved in viral genome packaging

(Cubuk et al., 2021; Zeng et al., 2020; Chang et al., 2009).
Thus, RNA-facilitated N protein phase separation may be
commonly used for viral genomic RNA packing in differ-
ent HCoVs.

2.2 | N proteins form dynamic liquid-
like droplets in vitro

To further examine the dynamic features of droplets
formed by different N proteins, we labeled N protein with
the fluorescence dye QSY7. Fluorescent and differential
interference contrast (DIC) imaging data showed that the
N protein formed spherical droplets in the presence of
PEG3350 (Figure 2a). Turbidity measurement further
showed an increase in the OD600 value to varying degrees
for all seven different N proteins (Figure 2b). Among
them, HCoV-NL63 N, HCoV-HKU1 N, and HCoV-229E
N showed relatively low OD600 values, indicating a
decreased tendency for phase separation under compara-
ble conditions (Figure 2b). Moreover, the fluorescence
recovery after photobleaching (FRAP) assay showed that
the fluorescence signal within the droplets formed by dif-
ferent N proteins rapidly recovered to 70%–75% within
1 min after bleaching (Figure 2c). Thus, different N pro-
teins can undergo LLPS to form liquid-like droplets with
high interior dynamics.

2.3 | N protein co-phase separates with
FUS and promotes droplet maturation

Previous studies showed that SARS-CoV-2 N can co-
phase separate with several SG-containing proteins,
including FUS and TDP-43, and promote their aggrega-
tion, which is believed to be associated with the solidifi-
cation and dysfunction of host SGs during virus infection
(Li et al., 2022; Perdikari et al., 2020). We next asked

FIGURE 1 LLPS is a general property shared by N proteins from seven different human coronavirus. (a) The phylogenetic tree was

generated from primary sequence of the seven homologous N proteins by using ClusterW (http://align.genome.jp) and plotted using a

Neighbor-Joining algorithm. Tree scale and bootstrap value are indicated. (b) IDR score (SARS-CoV-2 N as a represent) and the domain

organization of the N proteins from human coronaviruses. PONDR VSL2 predictor23 was used for calculating the IDR score. The region

consisting of residues with score value higher than 0.5 is considered to be IDR (highlighted area in orange). N protein contains three

putatively disordered regions: a globular N-terminal tail, a C-terminal tail and a central linker region. The homologous regions in the IDR

are highlight in different color-zone: AXXITFADSD motif (blue), FYAEGSXG motif (purple), SR-rich motif(orange), LALLXL---QQ motif

(brown), K--Q--VTL motif (black). (c) Characterization of different N proteins from HCoVs for their LLPS abilities by HiPPS profiling. HiPPS

profiles (top) and radar graph (bottom) of each N protein are shown. 50 μM of each N protein was examined at room temperature. The

parameter and equation for calculating PPS scores are shown on the upper right. Values in the radar graph represent the average grades of

each square sub-zones in the HiPPS profiles; The profiling condition in sub-zones 1–7 shown on the upper right, includes: different

crowding agents (sub-zone 1); high concentration salts (sub-zone 2); PolyR (sub-zone 3); PolyU/heparin (sub-zone 4); divalent salts (sub-

zone 5); monovalent salts (sub-zone 6); PEG 3350 gradient (sub-zone 7). PPS score, protein phase separation score.
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whether different N proteins are able to co-phase sepa-
rate with the SG-containing protein FUS and influence
its amyloid aggregation. Notably, fluorescent microscopic
imaging showed that, similar to SARS-CoV-2 N, the other
six N proteins can spontaneously condense into FUS
droplets for co-phase separation (Figure 3a). To further
explore whether co-phase separation can promote FUS
droplet maturation, we prepared FUS with enhanced
green fluorescent protein (EGFP) fused at the C-terminus
(FUS-EGFP). Consistent with previous observations (Gu
et al., 2020; Li et al., 2022), FUS-EGFP can spontaneously
form liquid-like droplets that remain dynamic for up to
6 h (Figure 3b). Remarkably, the addition of different N
proteins dramatically altered the morphology of the FUS
droplet and induced the formation of fibrillar structures
growing out of the droplets after co-incubation for 6 h.
The addition of SARS-CoV N, HCoV-HKU1 N, and
HCoV-229E N led to the formation of less spherical drop-
lets with increasing numbers of fibril-like structures
growing out of the droplets. This suggests that these three
N protein homologs display stronger activity in

stimulating the maturation of FUS droplets. Moreover,
the FRAP results showed that the spiky FUS droplets
induced by N proteins exhibit largely impaired internal
mobility, and the fluorescence signal of FUS-EGFP can
hardly recover after bleaching (Figures 4c and S4).
Together, our results demonstrate that different N pro-
teins can not only co-phase separate with FUS but also
promote the liquid-to-solid maturation process of FUS
with varying activities.

2.4 | N proteins directly bind to FUS-LC
and promote its amyloid aggregation

As FUS amyloid aggregation is the key event driving FUS
liquid-to-solid phase transition (Patel et al., 2015; Rhoads
et al., 2018; Naumann et al., 2018; Mathieu et al., 2020),
we directly assessed the influence of different N proteins
on FUS aggregation by performing a thioflavin T (ThT)
fluorescence assay and negative-staining transmission
electron microscopy (TEM). We purified the N-terminal

FIGURE 2 N protein undergoes LLPS in vitro and exhibits dynamic features in droplets. (a) Microscopic images of N protein droplets in

the presence of PEG3350 in the buffer containing 50 mM Tris–HCl, pH 7.5 and 150 mM NaCl. DIC, differential interference contrast

microscopy. QSY7 is a chemical fluorescence dye to label N protein. Scale bar, 10 μm. (b) Turbidity measurement of the N protein samples

shown in panel (a). Turbidity measurements were conducted at 600 nm. Data are shown as mean ± SD with n = 3. (C) FRAP of

QSY7-labeled N proteins. FRAP curves and montages of each N protein droplet are shown. Dashed circles indicate the photo-bleached spot.

The arrow indicates the action of bleaching. The graph (bottom) shows the recovery fraction as the function of time. Data are shown as

mean ± SD with n = 3 individual droplets. Scale bar, 2 μm.
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LC domain of FUS (FUS-LC), which is reported to be
responsible for mediating FUS aggregation (Kato
et al., 2012; Sun et al., 2022; Murray et al., 2017). It was
then incubated with or without different N proteins for
aggregation. Strikingly, all seven N proteins effectively
enhanced the ThT fluorescence intensities and shortened
the lag time of the ThT kinetic curves of FUS aggregation
in a dose-dependent manner (Figures 4 and S5). How-
ever, different N proteins exhibited distinct activities in
promoting FUS-LC aggregation. Specifically, N proteins
of HCoV-OC43 and HCoV-HKU1 showed the strongest

activity in promoting FUS-LC aggregation, shortening
the lag time of FUS-LC fibril nucleation by over 30 h. In
contrast, SARS-CoV-2 N only shortened the lag time of
FUS-LC fibril nucleation by approximately 12 h. TEM
imaging confirmed the formation of typical FUS fibrils in
these ThT-positive samples (Figure 4a). As a control, N
proteins did not form amyloid fibrils on their own under
the same conditions (Figure S6).

Lastly, we sought to measure the direct interaction
between FUS-LC and the seven N proteins using Bio-
Layer interferometry (BLI) assay. FUS-LC was

FIGURE 3 Different N proteins co-phase separate with FUS and solidify its liquid-like droplets. (a) Fluorescence images of co-phase

separation of N protein with FUS. The concentration of FUS is 10 μM, and the molar ratio of FUS to N protein is 10:1. LLPS buffer:50 mM

Tris–HCl, pH 7.5, 150 mM NaCl. EGFP is a fluorescence tag. QSY7 is fluorescence dye. Scale bar, 10 μm. (b) Representative images of the

liquid-like droplets of FUS-EGFP in the absence or presence of different N proteins in a maturation process within 6 h. Scale bar, 10 μm.

(c) FRAP curves of FUS-EGFP droplet samples validated in (b) taken at the incubation time of 0 h (left) and 6 h (right). Data are shown as

mean ± SD with n = 3 independent replicates.
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immobilized on biosensor tips, and the association and
dissociation curves were measured in the presence
and absence of five different concentrations of N protein
to calculate the equilibrium dissociation constant (KD)
between FUS-LC and the N protein. The BLI results
showed that different N proteins can bind to FUS-LC
with KD values ranging from 30 to 100 nM, which is
within the same order of magnitude. Among them, FUS-
LC/SARS-CoV-2 N exhibited the strongest binding with a
KD value of 34 nM, and HCoV-NL63 N had the highest
KD value of 100 nM (Figure 5). Together, these data dem-
onstrate that different N proteins can directly bind to
FUS-LC and promote its amyloid aggregation.

3 | DISCUSSION

Recently, numerous proteins have been identified that
demonstrate the ability to undergo phase separation,

which plays a role in forming various biomolecular con-
densates involved in diverse biological processes (Banani
et al., 2017; Decker and Parker, 2012; Jung et al., 2020;
Quiroz et al., 2020; Su et al., 2016; Zeng et al., 2018;
Zhang et al., 2018, 2020, 2020; Zhu et al., 2022). Increas-
ing evidence indicates that LLPS of the N protein from
SARS-CoV-2 is involved in forming condensed protein-
nucleic acid compartments and packaging its genome
into new virions, a crucial step in the virus' life cycle (Lu
et al., 2021; Cubuk et al., 2021; Yao et al., 2020; Nikola-
kaki and Giannakouros, 2020). The SARS-CoV-2 N pro-
tein appears to localize at viral replication transcription
complexes (RTCs) and facilitate viral RNA synthesis by
forming phase-separated condensates with RNA-
dependent RNA-polymerase complex components nsp7,
nsp8, and nsp12 (Savastano et al., 2020; Verheije
et al., 2010; Hillen et al., 2020). Additionally, the N pro-
tein from the measles virus has been reported to undergo
LLPS to assemble genomic RNA into a rigid helical

FIGURE 4 N protein promotes amyloid aggregation of FUS-LC. (a) ThT kinetic assay and NS-TEM image of amyloid fibril formation of

FUS-LC. Protein concentration of FUS-LC and the molar ratio of FUS: N protein is indicated. Buffer for FUS-LC amyloid formation: 50 mM

Tris–HCl, pH 7.5 and 150 mM NaCl, 50 μM ThT and 0.05% NaN3. Data are shown as mean ± SD with n = 3 independent replicates. TEM

images of samples were taken at the time point of 90 h incubation. Scale bar, 200 nm. (b) Comparison of seven N proteins on their ability to

promote FUS amyloid aggregation. Maximum ThT fluorescence intensity after 90 h incubation (left) and the lag time (right) of fibrillation of

25 μM FUS-LC in the presence of 5 μM N protein is shown. Data are shown as mean ± SD with n = 3 independent replicates. Student's

t test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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nucleocapsid (Milles et al., 2016; Guseva et al., 2020).
These findings suggest that LLPS of the N protein plays a
critical role in viral RNA replication, genome packaging,
and virion assembly. In this study, we report that N pro-
teins from various HCoVs can undergo LLPS, forming
liquid-like droplets in vitro. This suggests that LLPS may
serve as a general mechanism for N protein function in
different HCoVs. However, various N proteins exhibit
distinct LLPS profiles under different in vitro conditions,
implying that individual HCoVs may have evolved to
exploit these properties in a context-dependent manner.
The ability of several different N proteins to phase sepa-
rate in the presence of RNA further supports the notion
that LLPS may be involved in viral genome packaging for

different HCoVs. Nonetheless, more research is needed
to clarify the molecular mechanisms through which N
proteins from various HCoVs use LLPS to recruit RTC-
related components to viral genomic RNA replication
sites, recognize genomic RNA, and utilize the viral pack-
aging signal to modulate N protein phase separation and
promote the packaging of single genomes into virions.

Previous studies have shown that the SARS-CoV-2 N
protein can partition into liquid-like condensates com-
posed of SG proteins. It can further impair the dynamic
properties of liquid droplets through inter-protein inter-
action and induce SG solidification (Luo et al., 2021; Li
et al., 2022). Importantly, SG solidification is a key patho-
logical event in NDs (Wolozin and Ivanov, 2019; Marcelo

FIGURE 5 N protein directly binds to FUS-LC. Binding affinity of FUS-LC with seven homologous N proteins determined by BLI assay.

The association and dissociation profiles of FUS-LC to N protein were divided by a vertical dash line. FUS-LC was fixed to the sensor, and

different concentration of N protein used are indicated. The determined equilibrium constant (KD) rates are labeled.
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et al., 2021; Khalfallah et al., 2018; Duan et al., 2019;
Molliex et al., 2015; Zhang et al., 2018, 2020). Moreover,
viral invasion into the nervous system has been linked to
the pathogenesis and clinical onset of human NDs (Zhou
et al., 2013; Bastian et al., 1972; Jang et al., 2009; Eimer
et al., 2018; Readhead et al., 2018; Marreiros et al., 2020;
Balin and Hudson, 2018). For instance, H1N1 influenza
virus disrupts cellular proteostasis, causing α-synuclein
(α-syn) aggregation and potentially triggering synucleino-
pathy (Marreiros et al., 2020). Extracellular herpesviridae
viruses have been suggested to initiate amyloid β deposi-
tion and accelerate Alzheimer's disease (AD) progression
(Eimer et al., 2018). Clinical correlations between SARS-
CoV-2 infection and Parkinson's disease (PD) onset have
also been reported (Cohen et al., 2020; Faber et al., 2020;
Calculli et al., 2023; Antonini et al., 2020; Santos-Garcia
et al., 2020). Another study has demonstrated that inter-
actions between the SARS-CoV-2 N protein and α-syn
can expedite α-syn amyloid formation, indicating a
potential link between SARS-CoV-2 infections and PD
(Semerdzhiev et al., 2022). Our in vitro data show that dif-
ferent N proteins of HCoVs can directly interact with the
SG-containing protein FUS, accelerating the liquid-
to-solid phase transition and amyloid aggregation of FUS.
This suggests a potential risk of various HCoVs inducing
pathological protein aggregation associated with NDs.
Notably, the phase separation capability of different N
proteins does not strongly correlate with their activities
in promoting FUS aggregation. For example, NL63,
which demonstrates relatively weak LLPS capability,
exhibits a strong propensity to induce FUS aggregation.
This implies that different N proteins may utilize distinct
regions to mediate homotypic interactions between N
proteins and heterotypic interactions between FUS and
N proteins. Further in-depth investigation of these
regions is warranted. Additionally, future studies should
examine the functional consequences of these interac-
tions in the context of viral infection and replication, as
well as explore the potential therapeutic implications of
targeting N protein interactions with host proteins.

4 | EXPERIMENTAL PROCEDURES

4.1 | Phylogenetic analysis

For sequence alignment, sequences of seven N proteins
from human coronavirus were aligned using ClustalW
(https://www.genome.jp/tools-bin/clustalw) with default
parameters. Neighbor-Joining phylogenetic trees were
generated by MEGA (v.11.0.13) with JTT substitution
model and 500 bootstrap replicates.

4.2 | Plasmid construction, protein
expression and purification

For E. coli expression, all full-length human Coronavirus
N proteins were cloned to vector pET28a with an
N-terminal His6 tag. Full-length FUS (residues 1–526)
was cloned into pET32a vector with a HRV 3C protease
cleavable N-terminal MBP-His tag and an EGFP
C-terminal tag. FUS-LC (residues 1–163) was cloned into
pET22b vectors with an N-terminal His6 tag.

For protein purification, N protein from SARS-CoV-2
was induced to express in E. coli BL21 (DE3) after adding
1 mM IPTG. After induction, cells grew overnight at
16�C, then the cells were harvested and lysed in lysis
buffer containing 50 mM Tris–HCl (pH 7.5), 500 mM
NaCl, 4 mM β-mercaptoethanol, 2 mM PMSF and
100 μg/mL RNase A (Roche, 10,109,142,001). The cellular
lysate was centrifugated to remove the precipitates and
subjected to Ni column (GE Healthcare). The protein was
eluted with 50 mM Tris–HCl (pH 7.5), 500 mM NaCl,
and 250 mM imidazole and then concentrated and sub-
jected to size-exclusion chromatography column
(Superdex 200 16/300, GE Healthcare) in 50 mM Tris–
HCl (pH 7.5), 100 mM NaCl and 2 mM DTT.

N protein from SARS-CoV was induced to express in
E. coli BL21 (DE3) cells at 25�C for 16 h after induction
with 500 μM IPTG. N protein from HCoV-OC43 and
HCoV-NL63 was induced to express in E. coli BL21 (DE3)
cells at 16�C for 16 h after induction with 500 μM IPTG.
And N protein from MERS-CoV, HCoV-HKU1 and
HCoV-229E was induced to express in E. coli BL21 (DE3)
cells at 30�C for 16 h after induction with 500 μM IPTG.
The subsequent protein purification protocol was the
same as that of SARS-CoV-2 N protein described above.

Full-length FUS was overexpressed in BL21 (DE3)
E. coli cells at 16�C for 16 h after induction with 500 μM
IPTG. Then, cells were harvested and lysed with lysis
buffer (50 mM Tris–HCl, 500 mM NaCl, pH 8.0, 10 mM
imidazole, 4 mM β-mercaptoethanol, 1 mM PMSF, and
0.1 mg/mL RNase A). Cell pellet was removed after cen-
trifugation (16,000 rpm, 4�C, 1 h) and supernatant was
loaded into a Ni column (GE Healthcare, USA). Protein
was eluted in an elution buffer (50 mM Tris–HCl,
500 mM NaCl, pH 8.0, 100 mM imidazole and 4 mM
β-mercaptoethanol). MBP-His tag was cleaved off using a
GST-tagged 3C precision protease during dialysis against
FUS dialysis buffer (50 mM Tris–HCl, 1 M KCl, 10% glyc-
erol, 4 mM β-mercaptoethanol, pH 7.4) for 4 h. The mix-
ture was loaded onto a Ni column and a Glutathione
Sepharose column (GE Healthcare, USA) to remove
the MBP-His and protease. The protein was further puri-
fied over the size-exclusion chromatography column
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(Superdex 200 16/300; GE Healthcare) in 50 mM Tris–
HCl (pH 7.5), 500 mM KCl, 2 mM DTT and 10% glycerol.

FUS-LC was expressed in E. coli BL21 (DE3) and then
induced with 0.5 mM IPTG at 16�C for 48 h. Cells were
collected and lysed by sonication in 50 mM Tris–HCl
(pH 8.0), 6 M guanidine hydrochloride on the ice. Cell
pellet was removed by centrifugation (14,000 rpm, 4�C,
40 min) and then cell supernatant was loaded onto a Ni
column after filtration. Protein was eluted in 50 mM
Tris–HCl (pH 8.0), 6 M guanidine hydrochloride and
50 mM imidazole. Further the eluted protein was purified
via high performance liquid chromatography (HPLC)
(Agilent) and freeze dried by FreeZone lyophilizer
(Thermo Fisher). FUS-LC powder was dissolved into
50 mM Tris–HCl (pH 8.0), 8 M urea and then desalted
into 5 mM CAPS (pH 11.0) for long-term storage.

4.3 | Protein fluorescent labeling

All N proteins were desalted and resuspended in a solution
containing 50 mM sodium phosphate (pH 7.0) and 200 mM
sodium chloride. The QSY7 fluorophore, operating on the
NHS ester reaction mechanism, was utilized to target pri-
mary amines ( NH2) on the N-terminus of each polypep-
tide chain as well as on the side-chain of lysine residues.
The proteins were then incubated with a 10-fold molar
excess (10:1) of QSY7 (Invitrogen, Q10193) at 25�C for 1 h.
Subsequently, the labeled proteins were further purified
using a Superdex 75 10/300 size-exclusion chromatography
column (GE Healthcare) in the same buffer. The unlabeled
protein was then mixed with the fluorescent labeled protein
with the molar ratio of 50:1 (unlabeled:labeled) for the fol-
lowing LLPS assay and confocal imaging (Wu et al., 2021;
Gu et al., 2020, 2021; Hallegger et al., 2021).

4.4 | In vitro HiPPS profiling assay

For the HiPPS profiling assay, stock solutions containing
96 different LLPS-inducing reagents (Li et al., 2022), were
prepared and stored separately. Aliquots of these solu-
tions were allocated into a 96-well plate. A stock solution
was prepared for different N proteins (100 μM) from
human coronavirus. The Mosquito Crystallization Robot
(SPT Labtech) was employed to dispense an ultra-low
volume of N proteins (750 nL/drop) on a 96-well
hanging-drop film (FAstal BioTech, China, CAS: 296),
followed by mixing with 1:1 profiling solution. Subse-
quently, the 96-well film was inverted and adhered to a
custom-made transparent, flat acrylic board or the back
flat surface of a 96-well plate (Thermo Scientific, CAS:
167008). An optical microscope was employed for prelim-
inary observation by monitoring the wells. The automatic

imaging system of Operetta CLS high-content analysis
system (PerkinElmer) was subsequently utilized to auto-
matically scan and counts the number of droplets parti-
cles in each well. And each well would be scored based
on the density and size of the droplets, which follows the
previously published protocol (Li et al., 2022). For
the protein phase separation score (PPS), 96 conditions
were classified into 7 subzones (n1: A1–F8; n2: A9–F10;
n3: A11–C12; n4: D11–F12; n5: G1–H5; n6: G6–H10; and
n7: G11–H12). The value of each well in the subzone
were averaged to obtain the score for each respective sub-
zone (n1, n2, …, n7). The PPS score was calculated as the
sum of the scores for each subzone. PPS of N proteins
were calculated based on the equation (where n indicates
the serial number of the subzone):

ppsscore ¼
X7

n¼ 1
Subzone n

4.4.1 | In vitro LLPS assay

In vitro co-LLPS experiments were performed at room
temperature. The LLPS of N protein was induced by the
addition of indicated volume ratio of PEG3350 (v/v%) in
LLPS buffer containing 50 mM Tris–HCl (pH 7.5),
150 mM NaCl and 2 mM DTT. For the co-LLPS, N pro-
tein was incubated with FUS-EGFP in the buffer contain-
ing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl. All imaged
were captured within 5 min after LLPS induction.
Finally, 4 μL of each sample was pipetted onto a coverslip
and imaged using a Leica microscope.

4.4.2 | DIC and fluorescent imaging for
protein LLPS

For imaging protein liquid droplets, samples were placed
onto a glass slide and sealed with a coverslip. DIC images
of LLPS and co-LLPS samples were captured using a Leica
TCS SP8 microscope equipped with a 100� oil immersion
objective at room temperature. Fluorescent images of pro-
tein samples were obtained with the same microscope,
employing Leica TCS SP8 confocal imaging and a 100� oil
immersion objective at a resolution of 2048 � 2048 pixels.

4.4.3 | Turbidity measurement

LLPS of N proteins and FUS were induced in the buffer
as described above. Turbidity measurements were con-
ducted at 600 nm in a 384-well plate with 20 μL samples
using a Varioskan Flash spectral scanning multimode
reader (Thermo Fisher).
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4.4.4 | FUS phase transition and
maturation assay

The samples contained 10 μM full-length FUS-EGFP in
the presence or absence of 10 μM N protein in 50 mM
Tris–HCl (pH 7.5), 150 mM NaCl. Twenty microliters
samples were placed on the glass bottom of 384-well
plates (Corning) and the plate was shaken at 900 rpm.
Leica TCS SP8 confocal microscopy was used to record
images and FRAP data at indicated time points by using
a 100� objective (oil immersion) with Z-stacks over
3 μm. The experimental conditions of seven human coro-
naviruses N protein were consistent as described above.

4.4.5 | FRAP

All FRAP experiments were performed on FRAP module
of the Leica TCS SP8 confocal microscopy with 100�
objective (oil immersion). For in vitro FRAP assay, the
time-lapse images were captured at wavelengths of 488 or
568 nm, with an acquisition resolution of 1024 � 1024
pixels. The bleaching area of the droplet was confined to
a specific region and then subjected to full laser power
for 2.58 s. Post-bleach images were acquired at a rate of
one frame every 3 s. The intensity at each time point was
corrected by referencing the intensity of a nearby
unbleached region.

4.4.6 | ThT fluorescence assay

All ThT experiments were performed in buffer containing
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 50 μM ThT
and 0.05% NaN3 was incubated in 384-well plates
(Corning) at 25�C. Each ThT sample was prepared to a
volume of 60 μL containing FUS-LC (25 μM) and indi-
cated concentrations of each N protein. ThT fluorescence
was monitored using a Varioskan Flash spectral scanning
multimode reader (Thermo Fisher Scientific) with excita-
tion at 440 nm and emission at 485 nm at 25�C. The sam-
ple plate was shaken at 700 rpm for 10 s before each
measurement of ThT fluorescent intensity. Five replicates
were performed for each sample.

4.4.7 | Negative-staining TEM

Five microliters of each sample was transferred to
carbon-coated grids for 1 min and stained with 5 μL ura-
nyl acetate (2%, v/v) for 45 s. Removing and drying the
excess buffer on grids before acquiring TEM images.
Grids were further assessed by using Tecnai G2 Spirit

TEM operated at an accelerating voltage of 120 kV.
Images were recorded using a 4 K � 4 K charge-coupled
device camera (BM-Eagle, FEI Tecnai).

4.4.8 | BLI assay

The binding kinetics of the FUS-LC to N proteins of
Human coronaviruses were measured by BLI on an For-
teBio Octet RED96 system (Pall ForteBio LLC). Experi-
ments were performed at room temperature using the
assay buffer of 50 mM Tris–HCl, 150 mM NaCl, pH 7.5.
FUS-LC was firstly biotinylated by incubating 0.5–1 mg/
mL proteins with biotin at a molar ratio of protein:biotin
of 2:3 at room temperature for 30 min, then the excess
biotins were removed by desalting column (Zeba Spin
Desalting Columns, Thermo). Then biotinylated FUS-LC
was immobilized onto streptavidin biosensors (ForteBio)
individually, and incubated with a series concentrations
of N proteins as indicated in the figure. The resulting
curves were corrected using the blank reference and ana-
lyzed by the ForteBio Data Analysis software 9.0.

4.4.9 | Quantification and statistical analysis

All experiments were performed in replicates, with statistical
parameters such as definitions and exact values of n (num-
ber of biological repeats), distributions, and deviations
detailed in the corresponding figures and figure legends. Sta-
tistical analyses were conducted using Microsoft Excel or
GraphPad Prism software. All statistic values were displayed
as mean ± SD. The statistical significance in this study is
determined by the unpaired, two-tailed Student's t-test.
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